Sine oculis homeobox 1 (SIX1), a key transcription factor for regulating aerobic glycolysis, participates in the occurrence of various cancer types. However, the role of SIX1 in melanoma and the upstream regulating mechanisms of SIX1 remain to be further investigated. MicroRNAs (miRNAs) have emerged as key regulators in tumorigenesis and progression. Here, we show that miR-489-3p suppresses SIX1 expression by directly targeting its 3 0 untranslated region (3 0 UTR) in melanoma cells. miR-489-3p suppressed melanoma cell proliferation, migration, and invasion through inhibition of SIX1. Mechanistically, by targeting SIX1, miR-489-3p dampens glycolysis, with decreased glucose uptake, lactate production, ATP generation, and extracellular acidification rate (ECAR), as well as an increased oxygen consumption rate (OCR). Importantly, glycolysis regulated by the miR-489-3p/SIX1 axis is critical for its regulation of melanoma growth and metastasis both in vitro and in vivo. In melanoma patients, miR-489-3p expression is negatively correlated with SIX1 expression. In addition, patients who had increased glucose uptake in tumors and with metastasis assessed by positron emission tomography (PET) scans showed decreased miR-489-3p expression and increased expression of SIX1. Collectively, our study demonstrates the importance of the miR-489-3p/SIX1 axis in melanoma, which can be a potential and a promising therapeutic target in melanoma.
INTRODUCTION
Malignant melanoma, characterized by poor prognosis and rapid growth and metastasis, is a very aggressive and lethal form of cutaneous cancer. 1, 2 Despite considerable advances in developing treatment options, understanding of the underlying mechanisms of melanoma growth and progression remains limited. Thus, it is essential to identify the biomarkers for melanoma, which is of great importance for improving survival outcomes and effective therapies. 3 Cancer cells frequently display high rates of aerobic glycolysis, one of the key mechanisms for cancer growth and progression. 4, 5 Transcription factor plays a critical role in regulating the process of glycolysis in cancer cells. In our previous study, we have identified a key transcription factor, sine oculis homeobox 1 (SIX1), for regulation of the Warburg effect. We have found that SIX1 promotes aerobic glycolysis and is upregulated in various human cancers, such as breast infiltrative ductal carcinoma, liver cancer, and lung cancer. However, the role of SIX1 in melanoma remains largely unknown. Moreover, the upstream regulating mechanisms and the distinct functions that mediate SIX1 in melanoma remain to be further investigated. MicroRNAs (miRNAs) inhibit gene expression by preferentially binding to the 3 0 untranslated regions (3 0 UTRs) of target genes. 6 miRNAs regulate various processes in tumorigenesis and progression, 7 including cell proliferation, migration, and invasion. However, whether miRNA functions in melanoma via the process of aerobic glycolysis remains poorly characterized.
In this study, we show that miR-489-3p suppresses aerobic glycolysis in melanoma cells, resulting in inhibition of cancer cell proliferation, migration, invasion, and metastasis in vitro and in vivo. Mechanistically, SIX1 is a novel target of miR-489-3p. By directly targeting SIX1, miR-489-3p inhibits melanoma cell glycolysis, growth, and progression. In melanoma patients, miR-489-3p abundance is negatively correlated with SIX1 expression. Our data link the miR-489-3p/ SIX1 axis to melanoma growth and progression, suggesting potential therapeutic strategies for melanoma.
RESULTS

miR-489-3p Inhibits SIX1 Expression by Targeting its 3 0 UTR
To investigate the role of SIX1 in melanoma, we used two target prediction programs, TargetScan and miRanda, to screen for miRNAs that target SIX1. Our analysis predicted several potential SIX1-targeting miRNAs, among which only miR-489-3p and the positive control miR-548a-3p, which has been shown to inhibit SIX1 expression in breast and liver cancer cells, 8 could inhibit SIX1 expression in 293T cells by western blot analysis ( Figure 1A ). As previously reported, 9 overexpression of miR-489-3p mimics inhibited prospero homeobox 1 (PROX1) expression ( Figure S1 ). Moreover, miR-489-3p repressed the expression of SIX1, but not SIX2, another SIX family member. Therefore, we chose miR-489-3p for further study. Overexpression of miR-489-3p mimics inhibited SIX1 expression in the melanoma cell lines A375 and SK-MEL-2 ( Figure 1B) . In contrast, miR-489-3p inhibition upregulated SIX1 expression in the above-mentioned cell lines ( Figure 1C ). Quantitative reverse transcription PCR (qRT-PCR) further showed that miR-489-3p mimics decreased SIX1 mRNA expression while miR-489-3p inhibition increased SIX1 mRNA expression ( Figure 1D ).
To explore whether miR-489-3p is a direct and specific target of SIX1, we transfected A375 and SK-MEL-2 cells with wild-type SIX1 3 0 UTR or 3 0 UTR mutated luciferase reporter and miR-489-3p mimics. miR-489-3p decreased the SIX1 3 0 UTR reporter activity, but not the luciferase activity of the mutant reporter in which the binding sites for miR-489-3p were mutated ( Figure 1E ). Taken together, these results suggest that miR-489-3p inhibits SIX1 expression by targeting its 3 0 UTR in melanoma cells. miR-489-3p/SIX1 Axis Mediates Melanoma Cell Proliferation, Migration, and Invasion SIX1 has been shown to promote tumor cell proliferation, migration, and invasion. We tested if the miR-489-3p/SIX1 axis played similar functions in melanoma cells. Cell proliferation showed that overexpression of miR-489-3p mimics reduced the proliferation of A375 and SK-MEL-2 cells (Figure 2A ; Figure S2A ). Colony formation assays presented similar results in melanoma cells ( Figure 2B Figures S2E-S2H ). Taken together, these results suggest that the miR-489-3p/SIX1 axis is critical for melanoma cell proliferation, migration, and invasion.
miR-489-3p Regulates Glycolysis via Inhibition of SIX1 Expression in Melanoma Cells
SIX1 is a key transcription factor involved in aerobic glycolysis. To confirm whether miR-489-3p might influence glycolysis via SIX1 in melanoma cells, we performed measurement of glucose uptake, lactate production, and ATP generation. As expected, miR-489-3p mimics decreased glucose uptake, lactate production, and ATP generation ( Figure 3A ; Figure S3A ). Meanwhile, SIX1 reexpression in the miR-489-3p-transfected cells could reverse these effects. Additionally, both extracellular acidification rate (ECAR), reflecting overall glycolytic flux, and oxygen consumption rate (OCR), reflecting mitochondrial respiration, are indicators of glycolysis. The results showed that miR-489-3p mimics displayed decreased ECAR and increased OCR ( Figure 3B ; Figure S3B ). Again, SIX1 reexpression in the miR-489-3p-transfected cells rescued these effects. miR-489-3p mimics in the SIX1 knockdown A375 and SK-MEL-2 cells had no effects on the glycolytic phenotype ( Figures 3C and 3D ; Figures S3C and S3D ), indicating that miR-489-3p represses the glycolytic phenotype via SIX1. Taken together, these data collectively suggest that miR-489-3p dampens glycolysis via inhibition of SIX1 expression in melanoma cells.
miR-489-3p/SIX1 Axis Regulates Melanoma Growth, Metastasis, and Glycolysis In Vivo
To investigate the in vivo phenotype of the miR-489-3p/SIX1 pathway, A375 cells harboring miR-489 or SIX1 short hairpin RNA (shRNA) or miR-489 plus SIX1 shRNA were subcutaneously injected into the right flanks of male nude mice. Compared with the empty control vector, the tumors with miR-489 overexpression or SIX1 knockdown grew slowly ( Figures 4A and 4B ). Importantly, SIX1 knockdown abolished the ability of miR-489 to regulate the growth of cancer xenografts. Lactate production analysis of the tumor masses further validated that miR-489 significantly repressed the lactate production via SIX1 ( Figure 4C ). These data suggest that miR-489 suppresses tumor growth via SIX1-mediated glycolysis. In addition, the expression of Slug and Vimentin, the markers of epithelial-to-mesenchymal transition (EMT) involved in cancer metastasis, was downregulated by miR-489 overexpression or SIX1 knockdown, suggesting that the miR-489/SIX1 axis may play a role in metastasis ( Figure 4D ).
Meanwhile, we examined the effect of the miR-489/SIX1 axis on melanoma metastasis. The count of the luminescence spread of the pulmonary was significantly decreased in the miR-489-expressing group, compared with the empty vector group. Importantly, SIX1 knockdown almost abolished the ability of miR-489 to inhibit lung metastasis ( Figure 4E ). These data suggests that the miR-489/SIX1 axis may play a role in melanoma metastasis. 
Correlation between miR-489-3p and SIX1 Expression and Correlation of miR-489-3p with Glucose Uptake in Human Melanoma Patients
We assessed SIX1 expression by immunohistochemical staining (IHC) and miR-489-3p expression by miRNA in situ hybridization (MISH) in 39 human melanoma samples. To confirm the cases, we utilized one of the melanoma indicators, S100, which is an effective marker for diagnosing and evaluating prognosis of melanoma patients. 10 In accordance with miR-489-3p inhibition of SIX1 in cultured cells, expression of SIX1 was inversely correlated with miR-489-3p expression in melanoma ( Figures 5A and 5B) . The association between miR-489-3p and SIX1 was further validated using external datasets from TCGA (The Cancer Genome Atlas) ( Figure 5C ). Interestingly, melanoma patients with increased glucose uptake and metastasis assessed by 2-18 fluoro-2-deoxy-D-glucose positron emission tomography ( 18 FDG PET) scans displayed decreased miR-489-3p expression and increased expression of SIX1 ( Figure 5D ). We confirmed the specificity of miR-489-3p staining by correlation analysis of miR-489-3p expression in melanoma tissues examined by MISH and qRT-PCR, respectively ( Figure S4 ). The specificity of the SIX1 antibody was testified by IHC of melanoma tissues or immunoblotted with cell lysates ( Figure S5 ). Taken together, these data suggest the miR-489-3p/SIX1 axis may be a promising way to treat melanoma patients.
DISCUSSION
SIX1 promotes proliferation, migration, invasion, and metastasis of multiple cancer cells, such as breast, liver, and gastric cancer cells. However, the role of SIX1 and the upstream regulators of SIX1 in melanoma are largely unknown. Our study confirmed the importance of the miR-489-3p/SIX1 axis in the Warburg effect and melanoma tumorigenesis and progression. miR-489-3p was proved as a novel SIX1-targeting miRNA in melanoma cells. miR-489-3p inhibits melanoma cell proliferation, invasion, and metastasis by directly targeting SIX1 expression by binding to its 3 0 UTR. Mechanistically, the miR-489-3p/SIX1 axis regulates melanoma cell growth and metastasis by controlling glycolysis and mitochondrial respiration both in vitro and in vivo. Clinically, miR-489-3p is downregulated in melanoma patients and negatively correlated with SIX1, which is upregulated in melanoma patients. These findings indicate that the miR-489-3p/SIX1 axis may play an important role in the development and progression of melanoma ( Figure 5E ).
The SIX family, first characterized in Drosophila, is a group of transcription factors. Accumulating studies have showed that SIX1 par-ticipates in the occurrence of various human cancers. As a critical transcription factor, SIX1 plays a critical role in tumorigenesis. 11, 12 Biological activity of SIX1 is controlled by several mechanisms. For example, SIX1 and eyes absent (EYA) are overexpressed, and the interaction between SIX1 and EYA occurred in multiple cancers. 13 EYA2 is required for the ability of SIX1 in mediating tumor progression. 14 SIX1 is a target gene controlled by WNT in acute myelocytic leukemia. 15 Recently, De Lope et al. 16 demonstrated that SIX1 promotes SOX2-mediated cellular plasticity during tumorigenesis. In endometrial carcinoma, SIX1 overexpression promotes cell growth through extracellular signal-regulated kinase (ERK)-and AKT-mediated pathways. 17 SIX1 promotes cell proliferation and tumorigenesis in osteosarcoma via regulating phosphatase and tensin homolog (PTEN)/ phosphoinositide-3-kinase (PI3K)/AKT signaling cascade. 18 In ovarian carcinoma, overexpression of SIX1 causes resistance to tumor necrosis factorrelated apoptosis-inducing ligand (TRAIL)-mediated apoptosis. 19 In gastric cancer cells, SIX1 inhibits the mitochondrial apoptosis pathway via caspase-7, and it regulates proliferation and invasion by targeting the ERK pathway. 20, 21 Liu et al. 22 showed that SIX1 promotes tumor lymphangiogenesis via coordinating transforming growth factor b (TGF-b) signals that increase expression of vascular endothelial growth factor C (VEGF-C). In breast cancer, SIX1 overexpression reinstates an embryonic pathway of proliferation by upregulating cyclin A1 21 and mediates resistance to paclitaxel in breast cancer cells. 22 Moreover, multiple studies have demonstrated that high SIX1 expression leads to poor survival in a variety of cancers. [23] [24] [25] In our concurrent study, in cultured melanoma cells, SIX1 was proven to promote cell proliferation and invasion, and SIX1 expression could be inhibited by miR-150-5p, which exhibited inhibitory functions in melanoma cell. 26 However, the in vivo metastatic functions and the clinical significance of SIX1 in melanoma are unknown. Thus, underlying the mechanisms of SIX1 regulation in melanoma and the upstream factors of SIX1 would be conducive to clinical treatments.
As is known, miRNAs are aberrantly expressed in pathological and physiological processes of many cancers. The miRNA pathway as a whole is a critical mechanism for gene expression control. 27 miRNAs exert their functions by targeting genes by binding their 3 0 UTRs. 28 miRNAs are remarkably stable in the bloodstream. miRNA-based cancer gene therapy presents the possibility of targeting multiple gene networks mediated by miRNAs. 29 For example, in melanoma, miR-32 replacement therapy as a single agent has been demonstrated to suppress the growth of melanoma tumors in preclinical models via targeting myeloid cell leukemia 1 (MCL-1) and to exhibit synergistic effects with vemurafenib. 30 Recently, miR-489-3p has been found to be downregulated in various types of solid tumor, including colon cancer, breast cancer, lung cancer, and gastric cancer. 9,31-34 However, the role of miR-489-3p in melanoma remains unknown. The Warburg effect is one of the key mechanisms for cancer growth and metastasis. Glucose converts to pyruvate and then to the waste product lactic acid. It does not allow the mitochondria to oxidize pyruvate to CO 2 and H 2 O in glycolysis. Glucose is converted into lactate without turning to mitochondria. A high level of aerobic glycolysis provides energy for cancer cell progression. In recent years, targeting the metabolism pathway has been proven to be a selective way to prevent tumor growth and metastasis and enhance anticancer treat- ments. In solid tumors, miR-489 has been identified as a tumor suppressor involved in increasing pathways such as human epidermal growth factor receptor-2 (HER2), 35, 36 mitogenactivated protein kinase 1 (MEK1), 37 KRAS/nuclear factor kB (NF-kB)/Yin Yang 1 (YY1), 38 PI3K/AKT, 31 PROX1, 9 suppressor of zeste-12 (SUZ12), 33 protein-tyrosine phosphatases N11 (PTPN11), 39 histone deacetylase 7 (HDAC7), 32 and tumor protein, translationally controlled 1 (TPT1). 40 In melanoma, whether miR-489-3p is a key checkpoint of glycolysis remains to be further studied. We proved that miR-489-3p not only inhibits the Warburg effect in melanoma, but also suppresses melanoma growth and metastasis through inhibition of the SIX1mediated Warburg effect.
In summary, we showed a novel mechanism that miR-489-3p regulates the transcription factor SIX1-mediated glycolysis in melanoma both in vitro and in vivo, The ability to target SIX1 by miR-489-3p elevates current understanding of the regulatory network of SIX1. The miR-489-3p/SIX1 axis may be a promising therapeutic target for melanoma.
MATERIALS AND METHODS
Cell Culture, RNA Oligonucleotides, and Reagents
Human malignant melanoma cell lines (A375, SK-MEL-2) were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS) at 37 C and 5% CO 2 . Wild-type and mutated miR-489-3p putative targets on SIX1 3 0 UTR were cloned into pmirGLO Dual-Luciferase miRNA target expression vector (Promega, USA). miR-489-3p mimics and miR-489-3p inhibitor were purchased from GenePharma (Shanghai, China). Anti-SIX1 was purchased from Proteintech Group (Rosemont, IL, USA), and antib-actin antibody was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Cell Growth and Colony Formation Assays
Cell Counting Kit-8 (CCK-8) assays were performed to determine cell proliferation (Dojindo Laboratories, Kumamoto, Japan) following the producer's instructions. For the colony formation assay, transfected cells were plated in 3.5-cm plates (3,000 cells/well) as described previously. 41 After 2 weeks, colonies were fixed with 4% paraformaldehyde for 30 min and stained with 1% crystal violet for another 30 min. The number of colonies with diameters of more than 1.5 mm was counted.
Cell Migration and Invasion Assays
Cell migration was examined by wound healing assays. Transfected cells grown to 90% in six-well plates were scratched via a 200-mL pipette tip to create the wound followed by washing twice with PBS. Cultured cells were grown for 24 h to allow wound closure. The wound healing rates were calculated and compared to the width at 0 h. The cell invasion assay was performed with Matrigel invasion chambers following the producer's protocols (BD Biosciences). Transfected cells were seeded into the upper well. After 24 h, the invasive cells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet for 30 min, respectively. The number of invasive cells was counted in casually selected microscope visions and imaged.
Luciferase Reporter Assay 1 Â 10 5 cells per well were plated in 24-well plates. Cells were transiently transfected with luciferase reporters. Lipofectamine 2000 was used to cotransfect the wild-type or mutant SIX1 3 0 UTR, in combination with miR-489-3p mimics or negative control for miRNA mimics. The cells were incubated for 48 h and then were harvested and analyzed for luciferase and b-galactosidase activities following the manufacturer's instructions (Promega, USA).
Measurement of Lactate, Glucose Uptake, and ATP
A glucose uptake colorimetric assay kit, lactate assay kit II, and ATP colorimetric assay kit were utilized following the manufacturer's instructions (BioVision, Milpitas, CA, USA). For glucose uptake, after cells were seeded, 100 mL of Krebs-Ringer-phosphate-N-2hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (HEPES) buffer containing 2% BSA was added for 40 min, and then 10 mM 2-deoxy-Dglucose (2-DG) was added. For lactate and ATP assays, cells were homogenized in corresponding assay buffer offered by the kits and centrifuged at 4 C. For measurement of the lactate levels of mouse tumor, 10 mg of each tumor tissue was isolated and homogenized in the assay buffer (BioVision). The samples were centrifuged and the soluble fractions were measured and normalized to protein concentrations.
miRNA Extraction and qRT-PCR
A miRcute miRNA isolation kit (Tiangen) was used to extract the total RNA involving miRNA from cultured cells. Target miRNA was reverse transcribed to cDNA by the miRcute miRNA first-strand cDNA synthesis Kit (Tiangen). The expression level of miRNA was measured by a miScript SYBR Green PCR kit (QIAGEN, Venlo, the Netherlands) and performed on a CFX96 system (Bio-Rad, Hercules, CA, USA). The miR-489-3p expression level was assessed by qRT-PCR with the following primers: 5 0 -GGGGTGACATCACATATAC-3 0 (forward) and 5 0 -CAGTGCGTGTCGTGGAGT-3 0 (reverse). The control primers (U6) were 5 0 -CGCGCTTCGGCAGCACATATACT-3 0 (forward) and 5 0 -ACGCTTCACGAATTTGCGTGTC-3 0 (reverse). SIX1 mRNA expression was determined by qRT-PCR with the following primers: 5 0 -CGCGCACAATCCCTACCCATCGCC-3 0 (forward), and 5 0 -CTTC CAGAGGAGAGAGTTGGTTCTG-3 0 (reverse). The control primers for b-actin were 5 0 -ATCACCATTGGCAATGAGCG-3 0 (forward) and 5 0 -TTGAAGGTAGTTTCGTGGAT-3 0 (reverse).
ECAR and OCR Assays
ECAR and OCR were measured by a Seahorse XFe 96 extracellular flux analyzer (Seahorse Bioscience). Experiments were performed according to the manufacturer's protocol. 1 Â 10 4 cells/well were plated in a Seahorse XFe 96 cell culture microplate. Data obtained were analyzed by Seahorse XFe Wave software.
Tumor Growth and Metastasis Analysis In Vivo
The animal study was approved and monitored by the Ethics Committees of the Chinese PLA General Hospital. For the in vivo tumor assay, a total of 1 Â 10 7 A375 cells were subcutaneously inoculated into the right flank of nude mice. Tumor size was calculated at the indicated times. The mice were sacrificed at the indicated times. Excised tumors were conserved in liquid nitrogen.
For the lung metastasis study, 1 Â 10 6 A375 cells labeled with firefly luciferase carrying indicated constructs were injected into the lateral tail vein of BALB/c mice. The animals were imaged on the day 30 using the IVIS200 imaging system (Xenogen, Alameda, CA, USA).
Immunohistochemistry and miRNA In Situ Hybridization 39 human melanoma samples were obtained from the Chinese PLA General Hospital, with the informed consent of patients and with approval for experiments. All patients were at the age of 25-75 years (mean age, 47 years). For patients used for 18 FDG PET scan analysis, MISH on paraffin tissue sections with probes specific for human miR-489-3p was performed following the manufacturer's protocols (Exonbio). Formalin-fixed, paraffin-embedded samples were performed as described previously. 42 Rabbit anti-SIX1 was as the primary antibody at dilutions of 1:100. In addition, the miR-489-3p and SIX1 scores were generated by multiplying the percentage of stained cells (0%-100%) by the intensity of the staining (low, 1+; medium, 2+; strong, 3+). Thus, the score is between 0 and 3. For correlation analysis, we defined a score <0.25, 0.25 R score < 0.75, and a score R0.75 as low, medium, and high SIX1. For PET scan analysis, we defined a score %0.75 and a score >0.75 as low and high SIX1 and miR-489-3p, respectively.
Statistical Analysis
Each experiment was performed in triplicate and repeated at least twice in vitro. The significance levels in cell proliferation, migration and invasion assays, glucose uptake, lactate, ATP, ECAR, and OCR, as well as luciferase reporter assays, were assessed by a two-tailed Student's t test. The statistical analyses were computed by the SPSS 22.0 statistical software package. A p value of less than 0.05 was considered statistically significant. The correlation expression of miR-489-3p and SIX1 was examined by Spearman rank analysis.
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